1. Introduction {#sec1-pathogens-09-00113}
===============

*Burkholderia pseudomallei*, causing melioidosis, is a Gram negative bacterium designated a Tier 1 select agent by both the U.S. Department of Health and Human Services and U.S. Department of Agriculture. This bacterium is endemic in Southeast Asia and northern Australia, but recent work has clearly demonstrated that it is quickly becoming a global concern \[[@B1-pathogens-09-00113],[@B2-pathogens-09-00113],[@B3-pathogens-09-00113],[@B4-pathogens-09-00113]\]. *B. pseudomallei* can infect humans and animals via several routes of infection (i.e., inhalation of aerosolized bacteria, ingestion of contaminated drinking water, or through inoculation of a subcutaneous lesion) \[[@B5-pathogens-09-00113],[@B6-pathogens-09-00113],[@B7-pathogens-09-00113],[@B8-pathogens-09-00113],[@B9-pathogens-09-00113]\]. Inhalational melioidosis has been associated with monsoonal rains in endemic areas and is also a primary concern in the biodefense research community \[[@B10-pathogens-09-00113],[@B11-pathogens-09-00113]\]. Pneumonia is a common presentation, which can be caused by a primary introduction of aerosolized bacteria into the lungs or a secondary pneumonia resulting from hematogenous spread to the lungs after a primary infection elsewhere \[[@B12-pathogens-09-00113],[@B13-pathogens-09-00113]\]. There are currently no approved vaccines for *B. pseudomallei* and antibiotic treatment can be hampered by non-specific symptomology, the protracted two-phase course of treatment required, and the high rate of naturally occurring antibiotic-resistant strains \[[@B14-pathogens-09-00113],[@B15-pathogens-09-00113]\]. Because of the public health and biodefense concerns associated with this bacterium, efforts are underway to develop effective medical countermeasures \[[@B15-pathogens-09-00113],[@B16-pathogens-09-00113]\]. Accordingly, appropriate and well-characterized animal models are required for the development and testing of such efforts.

The mouse model has afforded many research groups the opportunity to characterize the pathogenesis of *B. pseudomallei*. It has been reported that BALB/c mice may represent an acute model of melioidosis, whereas C57BL/6 mice are more resistant to the bacterium and may provide a more chronic model of the disease \[[@B17-pathogens-09-00113],[@B18-pathogens-09-00113],[@B19-pathogens-09-00113],[@B20-pathogens-09-00113],[@B21-pathogens-09-00113]\]. While there is some debate about the definition of chronicity in a mouse model, there are clear differences in susceptibilities, dissemination patterns, and resulting immune responses observed in these mice after exposure to *B. pseudomallei* \[[@B22-pathogens-09-00113],[@B23-pathogens-09-00113],[@B24-pathogens-09-00113]\]. Experiments conducted with either BALB/c or C57BL/6 mice have provided the main body of knowledge available for *B. pseudomallei* mouse models. Various routes of exposure have been used to model disease progression in mice \[[@B17-pathogens-09-00113]\]. Intraperitoneal (IP) inoculation has been demonstrated to be an effective route of infection for characterizing pathogenesis and comparing the virulence of human clinical isolates of *B. pseudomallei* \[[@B22-pathogens-09-00113],[@B25-pathogens-09-00113],[@B26-pathogens-09-00113],[@B27-pathogens-09-00113]\]. The IP route provides a means for laboratories to readily compare testing and evaluation data because it is easy to accomplish with fewer confounding variables when compared to the inhalational route. By using the IP route of exposure, Welkos et al. demonstrated significant differences in virulence amongst a panel of clinical isolates \[[@B25-pathogens-09-00113]\]. In this report, it was also established that mice should be monitored for a prolonged period of time after infection by this route to truly ascertain the effectiveness of a vaccine or therapeutic. Accordingly, LD~50~ values were established for Day 21 and Day 60 post infection \[[@B25-pathogens-09-00113]\]. These analyses also led to unique strain-characterization criteria (i.e., some strains were more acutely virulent, whereas other strains required additional time to cause similar lethality).

Other reports have also used the IP model of inoculation. Dannenberg and Scott infected Albino Namru mice via the IP route to look at the cellular response to the ensuing infection with a mouse-adapted strain of *B. pseudomallei* \[[@B28-pathogens-09-00113]\]. Tan et al. utilized IP infections in order to characterize the resulting immune response to the acute phase of the infection using both C57BL/6 and BALB/c mice \[[@B23-pathogens-09-00113]\]. While the IP route is obviously not a natural route of infection, it has proven to be a useful tool for *B. pseudomallei* research, and the resulting disease progression presents with interesting pathology and clinical signs which can be anecdotally compared to human case reports. An important aspect of this model is the fact that the caudal half of the animal is substantially impacted by the disease, often resulting in rear-leg paralysis and other physical manifestations. The pyogranulomas formed as a result of the *B. pseudomallei* infection can impact joints, muscle, bone, and nerves and the resulting paralysis has been used as an early endpoint criterion for euthanasia \[[@B22-pathogens-09-00113],[@B25-pathogens-09-00113]\]. Human case reports have documented similar observations \[[@B29-pathogens-09-00113],[@B30-pathogens-09-00113]\]. Even with this route's associated sequelae, the IP model will continue to be an important tool.

Inhalational melioidosis can be initiated after *B. pseudomallei* bacteria become aerosolized \[[@B10-pathogens-09-00113],[@B11-pathogens-09-00113],[@B31-pathogens-09-00113]\]. This route of exposure has been studied using both C57BL/6 and BALB/c mice \[[@B22-pathogens-09-00113],[@B23-pathogens-09-00113],[@B28-pathogens-09-00113],[@B32-pathogens-09-00113],[@B33-pathogens-09-00113]\]. Recent reports have detailed that differences between bacterial strains can be observed after exposure to aerosolized bacteria \[[@B24-pathogens-09-00113],[@B33-pathogens-09-00113]\]. The IP model offers large ranges of determined LD~50~ values between clinical isolates tested \[[@B25-pathogens-09-00113],[@B34-pathogens-09-00113]\]; however, the differences observed in calculated LD~50~ values when mice are exposed to aerosolized *B. pseudomallei* are less appreciable. Exposure to aerosolized bacteria causes a primary pneumonia that results in a highly disseminated disease characterized by pyogranuloma formation \[[@B22-pathogens-09-00113],[@B28-pathogens-09-00113],[@B33-pathogens-09-00113]\]. The pathologies observed after being exposed to aerosolized bacteria have some similarities to that seen after IP inoculation, but the variety and severity of these observations are different from those observed after following the IP route \[[@B22-pathogens-09-00113]\]. For example, caudal disease progression (e.g., rear-end paralysis or tail lesions) has been observed after mice are exposed to aerosolized *B. pseudomallei* bacteria, but this is far less commonly observed and tends be less severe when compared to mice receiving the bacteria via an IP injection. These differences have been hypothesized to be due to location of initial site of entry and proximity to draining lymph nodes. Regardless of the mouse strain, route of exposure, or the bacterial isolate, melioidosis in the mouse model is heterogeneous in regards to clinical signs and disease outcome \[[@B17-pathogens-09-00113],[@B22-pathogens-09-00113],[@B25-pathogens-09-00113],[@B35-pathogens-09-00113]\].

Key factors of the mouse model, such as age and sex of the animals, have not been fully evaluated. The sex of the mice is of particular interest \[[@B36-pathogens-09-00113]\]. The majority of melioidosis cases in humans have been reported in male patients \[[@B37-pathogens-09-00113],[@B38-pathogens-09-00113],[@B39-pathogens-09-00113]\]. While this sex bias observed in melioidosis may be primarily associated with health and/or occupational risk factors (e.g., alcoholism or occupational exposure through rice cultivation), it is important to examine both sexes of mice in order to get the most complete dataset possible \[[@B40-pathogens-09-00113]\]. There have been several reports using male mice as melioidosis models \[[@B41-pathogens-09-00113],[@B42-pathogens-09-00113],[@B43-pathogens-09-00113],[@B44-pathogens-09-00113],[@B45-pathogens-09-00113],[@B46-pathogens-09-00113],[@B47-pathogens-09-00113],[@B48-pathogens-09-00113],[@B49-pathogens-09-00113],[@B50-pathogens-09-00113],[@B51-pathogens-09-00113]\], but only a few have actually either compared males and females or characterized the disease pathology within male mice \[[@B41-pathogens-09-00113],[@B52-pathogens-09-00113],[@B53-pathogens-09-00113],[@B54-pathogens-09-00113]\]. Emery et al. reported evidence demonstrating that female mice in their experiments tended to be more resistant to infection caused by intranasal instillation of *B. pseudomallei* \[[@B53-pathogens-09-00113]\]. Additionally, age of experimental animals is an important variable for infectious disease research \[[@B55-pathogens-09-00113],[@B56-pathogens-09-00113]\]. Many aspects of the immune response are altered with age and these alterations have been demonstrated to result in differential results upon both viral and bacterial infection \[[@B57-pathogens-09-00113],[@B58-pathogens-09-00113],[@B59-pathogens-09-00113],[@B60-pathogens-09-00113],[@B61-pathogens-09-00113]\]. The age of mice used in melioidosis research may be important for several reasons. Melioidosis is known to re-emerge or relapse in individuals who had become infected (some asymptomatically) years or decades earlier \[[@B62-pathogens-09-00113],[@B63-pathogens-09-00113]\]. It has also been suggested that older individuals may be more likely to be exposed to occupational hazards, since much of the younger population are moving towards urban centers in Southeast Asia \[[@B64-pathogens-09-00113]\]. When dealing with the development of novel medical countermeasures, age is also an important parameter. For example, when testing and evaluating a vaccine, the mice will likely be at least several months older after the vaccine regimen is completed. Thus, it is uncertain how these older mice would survive the challenge dose or if a significantly different median lethal dose would be expected.

Lastly, we compared these current data with historical data to determine whether source vendor had any significant impact on disease outcome. There are many factors that impact the utility of mice for infectious disease research. These include husbandry conditions, diet, genetic drift of colony, and overall health \[[@B65-pathogens-09-00113],[@B66-pathogens-09-00113],[@B67-pathogens-09-00113]\]. Historically, we have observed differences between mice received from different locations after exposure to bacteria which cause acute infections and we wanted to document any such observations with the melioidosis mouse model. The objectives of the work described here were to determine the median lethal doses of *B. pseudomallei* K96243 in both BALB/c and C57BL/6 mice of both sexes at distinct age points. These data are important to ensure thorough downstream evaluations of novel medical countermeasures against melioidosis.

2. Results {#sec2-pathogens-09-00113}
==========

2.1. The Impact of Sex on the Disease Outcome in the Mouse Model of B. pseudomallei Infection {#sec2dot1-pathogens-09-00113}
---------------------------------------------------------------------------------------------

In this report, we performed head-to-head comparisons of age- and sex-matched mice, and the calculated median lethal doses for each group are described in [Table 1](#pathogens-09-00113-t001){ref-type="table"}. In some cases, the trends from these data suggested that female mice may have been more resistant to the infection when compared to their male counterparts. However, there were no statistically significant impacts of sex on disease outcome in the BALB/c mouse model (*p* \> 0.05) when examining data through Day 21 post-infection ([Figure 1](#pathogens-09-00113-f001){ref-type="fig"}A). These data resulted in an overall female LD~50~: male LD~50~ ratio of nearly 1.0. This was the case regardless of the age of mice at challenge or route of exposure. There was a statistically significant difference (*p* \< 0.05) when examining the impact of sex on the disease outcome when C57BL/6 mice aged 18 weeks were exposed IP to *B. pseudomallei* ([Figure 1](#pathogens-09-00113-f001){ref-type="fig"}A). However, the effect of sex was not significant among other strata of the Day 21 data. The impact of sex was more pronounced when examining Day 60 LD~50~ estimates ([Figure 1](#pathogens-09-00113-f001){ref-type="fig"}B). In these comparisons, statistically significant sex-biased effects were observed among both BALB/c and C57BL/6 mice, with females having a greater LD~50~ than age- and strain-matched males (*p* \< 0.05). The effect was greatest among animals aged 18 weeks at the time of initial exposure.

2.2. The Impact of Age on the Disease Outcome in the Mouse Model of B. pseudomallei Infection {#sec2dot2-pathogens-09-00113}
---------------------------------------------------------------------------------------------

The effects of age on Day 21 LD~50~ were similar in the IP and aerosol exposure routes ([Figure 2](#pathogens-09-00113-f002){ref-type="fig"}). Among BALB/c mice, statistically significant (*p* \< 0.05) reductions in the LD~50~ relative to 8 weeks were observed in mice aged 28 weeks, with reductions of 1.0 and 1.3 Log~10~ CFU in the Aerosol and IP groups, respectively. Among C57BL/6 mice, significant reductions were also observed at 28 weeks, with reductions of 0.6 and 1.1 Log~10~ CFU in the Aerosol and IP groups, respectively. Among mice aged 18 weeks, the reduction from 8 weeks was significant only in BALB/c mice exposed via the IP route. However, the observed reductions in LD~50~ in all groups were consistent with the overall trend toward increased susceptibility in aged mice. Similar trends were observed when examining the Day 60 LD~50~ (data not shown).

2.3. The Impact of Animal Supplier on the Disease Outcome in the Mouse Model of B. pseudomallei Infection {#sec2dot3-pathogens-09-00113}
---------------------------------------------------------------------------------------------------------

We performed retrospective analyses using several permutations to evaluate the impact that vendor source had on LD~50~. It was determined that overall, source vendor played little to no role in disease outcome. As depicted in [Table 2](#pathogens-09-00113-t002){ref-type="table"}, there was only a significant difference between 8 week old female C57BL/6 mice acquired from Envigo or Charles River challenged by the IP route (*p* = 0.037). While these limited retrospective analyses offer only a glimpse into source vendor as a parameter, these data suggest that mice from different vendors can provide relatively reproducible data.

2.4. Sex-Specific Pathology Associated with B. pseudomallei Infection in Mice {#sec2dot4-pathogens-09-00113}
-----------------------------------------------------------------------------

While the main objective of these studies was to determine age- and sex-associated differences in susceptibility to *B. pseudomallei*, we also documented the sex-specific pathology observed in these mice that met early endpoint euthanasia criteria.

### 2.4.1. Intraperitoneal Route of Infection {#sec2dot4dot1-pathogens-09-00113}

The most significant pathological lesions in mice infected via intraperitoneal route were present throughout the peritoneum and on serosal surfaces of the reproductive tracts, with extension into the organ as lesions progressed. Mild to moderate peritonitis was present in 16/21 (76%) BALB/c males with all age groups affected. A mild to marked peritonitis was present in 18/22 (82%) BALB/c females with all age groups affected. Mild to moderate peritonitis was present in 10/19 (53%) C57BL/6 males and in 7/13 (54%) C57BL/6 females, with all age groups affected. The segment of the reproductive tract that was most significantly affected in male BALB/c mice that were infected via IP route was the spermatic cord and tunic of the epididymis. All three age groups (100% of male BALB/c mice) had minimal to severe inflammation in the spermatic cord and/or epididymis. There was one male mouse that had minimal inflammation and one male mouse that had mild inflammation in the spermatic cord, but the remaining 19/21 (90%) had moderate to marked inflammation. Additionally, 85%--100% of all male BALB/c had necrosis and abscesses within the spermatic cord and/or epididymis ([Figure 3](#pathogens-09-00113-f003){ref-type="fig"}A,B). In 2/10 (20%) 28 week old challenged mice, the marked to severe inflammation and/or abscesses unilaterally effaced the epididymis and seminiferous tubules of the testes (see [Figure 3](#pathogens-09-00113-f003){ref-type="fig"}C). There were a variety of additional lesions noted in the testes and accessory sex glands. Mild to marked pyogranulomatous inflammation in the tunica albuginea (capsule) of the testes was noted in 18/21 (86%) BALB/c males. Minimal to marked inflammation from the testicular capsule extended into the interstitium of the testes in 12/21 (57%), resulting in degeneration and necrosis of the seminiferous tubules in 10/21 (48%) BALB/c males. There was mild inflammation in the prostate of 5/21 (24%) BALB/c males, mild to moderate inflammation in the coagulating gland of 3/21 (14%) BALB/c males, and mild to moderate inflammation in the seminal vesicles of 2/21 (10%) BALB/c males.

Similar lesions to those were present in the male reproductive tract of BALB/c mice were also present in the male C57BL/6 mice. The segment of the reproductive tract that was most significantly affected was the spermatic cord, with 17/19 (89%) with minimal to marked pyogranulomatous inflammation. Additionally, 15/19 (79%) of all male C57BL/6 mice had necrosis and 7/19 (37%) had abscesses in the spermatic cord. Inflammatory lesions were also present in the epididymis, testes, and accessory sex glands of male C57BL/6 mice at all ages. Mild to severe inflammation was present in the epididymis in 14/19 (74%) mice, with necrosis noted 12/19 (63%) and abscess formation in 6/19 (31%) male C57BL/6 mice. Minimal to marked inflammation was present in the tunic of the testes in 10/19 (52%) of all male mice, with the inflammation extending into the interstitium resulting in necrosis of the seminiferous tubules in 2/19 (10%) of the mice. Varying degrees of inflammation were noted within the accessory sex glands (prostate gland, seminal vesicles, and coagulating gland) of male C57BL/6 mice.

Significant histological findings in the reproductive tract of female BALB/c mice were present in the uterus. Moderate pyogranulomatous inflammation with necrosis and abscess formation in the broad ligament and serosal surface was present in 3/22 (14%) females; all 3 affected females were 28 weeks old at challenge ([Figure 4](#pathogens-09-00113-f004){ref-type="fig"}A). Additionally 2/22 (9%) females had mild pyogranulomatous inflammation in the periovarian connective tissue.

Histological findings in the reproductive tract of female C57BL/6 mice were present in the uterus and ovary. Moderate pyogranulomatous inflammation with necrosis and abscesses were present on the uterine serosal surface in 2/13 (15%) females, both of which were 28 weeks old. Additionally, 1/13 (7%) females had mild to moderate pyogranulomatous inflammation in the periovarian connective tissue and 3/13 (23%) females had a unilateral locally extensive abscess that replaced 80%--98% cortical stroma and medulla of the ovary with moderate pyogranulomatous inflammation in the remaining ovarian and surrounding connective tissue ([Figure 4](#pathogens-09-00113-f004){ref-type="fig"}B,C).

### 2.4.2. Inhalational Route of Infection {#sec2dot4dot2-pathogens-09-00113}

The percentage of mice exhibiting significant peritonitis was appreciably lower in mice exposed to aerosolized bacteria. Mild to marked inflammation in the peritoneum was present in 11/33 (33%) of the male BALB/c mice. Mild to marked inflammation in the peritoneum was present in 10/58 (17%) of the female BALB/c mice. Marked inflammation in the peritoneum was present in 1/17 (6%) of the male C57BL/6 mice. Minimal to mild inflammation in the peritoneum was present in 2/24 (8%) of the female C57BL/6 mice.

The segment of the reproductive tract that was most commonly affected in male BALB/c mice infected via the inhalational route was the spermatic cord, with 4/33 (12%) with minimal to moderate pyogranulomatous inflammation and necrosis with abscesses noted in 1/33 (3%) of the male mice. Mild inflammation was noted in testicular capsule of 1/33 (3%) and in the smooth muscle surrounding the epididymis in 2/33 (6%) of the male mice. In the accessory sex glands, mild inflammation was present in the seminal vesicles in 2/33 (6%), and minimal to mild inflammation was present in the prostate gland in 3/33 (9%) of the male mice. The coagulating gland was unremarkable in all of the male mice examined.

The segment of the reproductive tract that was most commonly affected in male C57BL/6 mice infected after exposure to aerosolized bacteria was the spermatic cord, with 2/17 (12%) with mild to moderate pyogranulomatous inflammation and necrosis. All examined testes and epididymis were unremarkable. The prostate was the only affected accessory sex gland; the affected mouse 1/17 (6%) had mild inflammation in the connective tissue surrounding the gland.

Inflammation in the reproductive tract of female BALB/c mice was present only in the periovarian connective tissue of 1/49 (2%) female BALB/c mouse (ovaries for nine female BALB/c mice were not present on slides). No inflammatory lesions were noted in the uterus in 57 BALB/c females examined (uterus for one female BALB/c mouse was not present on the slide). There were no inflammatory lesions present in the reproductive tract of the 24 female C57BL/6 mice examined.

3. Discussion {#sec3-pathogens-09-00113}
=============

Our data demonstrated several important nuances associated with the mouse models of melioidosis. The majority of human cases of *B. pseudomallei* infection have been documented in males. This is likely due to occupational and lifestyle differences between males and females in endemic regions. However, because of the chronic and insidious nature of this disease, it is possible that anatomical differences could lead to distinct pathogenesis. For example, numerous reports have demonstrated prostatic involvement in human male melioidosis patients \[[@B38-pathogens-09-00113],[@B68-pathogens-09-00113],[@B69-pathogens-09-00113],[@B70-pathogens-09-00113],[@B71-pathogens-09-00113]\] but few reports exist describing female-specific pathology \[[@B72-pathogens-09-00113]\]. Additionally, when placing *B. pseudomallei* in context of protecting the Warfighter, it becomes essential to understand both female and male models of the disease. To our knowledge, this is one of the first reports documenting the pathology observed in the reproductive tracts of mice.

The spermatic cord was the most consistently affected organ in both male BALB/c and C57BL/6 mice challenged intraperitoneally, with pyogranulomatous inflammation, necrosis, and abscesses being the most common histological findings. Inflammatory lesions were also present with a variable percentage in the epididymis, testes, and accessory sex organs. Minimal to mild lesions often started in the capsule/tunic of the testes and epididymis, and with increased severity the inflammation extended into the interstitium of the reproductive organ. The inflammation in the male reproductive tract was likely the result of the route of challenge and not a targeting of the reproductive organs by the bacterium. In general, male mice have large redundant testes that readily retract into the abdominal cavity through their open inguinal rings, especially when they are picked up by the tail \[[@B73-pathogens-09-00113]\]. It is possible, given the challenge route and anatomy, that the reproductive tract was directly inoculated, which led to inflammation in the spermatic cord in 100% of BALB/c male mice and in 89% of C57BL/6 male mice. Another possibility is that the male reproductive tract was affected due to local extension of the inflammation from the abdomen through the open inguinal rings. A mild to moderate peritonitis was present in 61% of male BALB/c mice and in 52% of the male C57BL/6 mice. In the early stages of inflammation, the serosal surfaces were affected more often than the interstitial tissue, indicating that the inflammation in the reproductive tract was simply due to local extension. The reproductive tracts of female BALB/c and C57BL/6 mice challenged intraperitoneally did not have any consistent histological findings. The most common finding was pyogranulomatous inflammation, necrosis, and abscesses on the serosal surface of the uterus or in the broad ligament. Similarly to the males that were intraperitoneally challenged, the inflammation was likely the result of local extension, as 81% of BALB/c and 53% of C57BL/6 females had peritonitis. These observations were in stark contrast with those made when examining mice exposed to aerosolized bacteria. Peritonitis in these mice ranged from 5% to 33%; not surprisingly, the reproductive tracts of these mice were less affected.

During the acute phase of the disease (through Day 21), there were no statistically significant differences associated with mouse sex between the LD~50~ equivalents calculated for the different mouse-strain- and infection-route-matched data sets. However, when examining the data through Day 60, female mice were shown to have a significantly greater LD~50~. Perhaps these data suggest that the bacteria disseminate differently in male and female mice, resulting in differences in the more protracted or chronic form of the disease. In addition to anatomical differences, it is also imperative to discuss differences associated with hormone levels and social interactions (e.g., aggression). It is well known that male mice are considerably more aggressive than female mice, and this fact was even more pronounced when we examined C57BL/6 male mice \[[@B74-pathogens-09-00113],[@B75-pathogens-09-00113]\]. These social interactions often resulted in aggressive behavior and the mice exhibiting signs of increased stress levels \[[@B36-pathogens-09-00113]\]. In some cases, mice had to be singly housed in order to avoid physical injury to their less aggressive counterparts. Lastly, as the testes became infected, self-mutilation became apparent, and in some cases resulted in early endpoint euthanasia. These issues made the experimental logistics challenging, but may also have impacted the overall disease outcome, since stress is known to modulate many aspects of the immune response. Nevertheless, in order to have the most complete dataset possible, male mice should be considered.

An equally important variable that has not been examined adequately in the literature is the age of the experimental animals. Because of its chronic nature, *B. pseudomallei* can often become reactivated in older individuals that may have been infected much earlier in their life. Additionally, when designing experimental vaccine regimens, the mice will be substantially older at the time of challenge with *B. pseudomallei* when compared to the vaccination. Thus, it may not be appropriate to use the same data generated using 8--10 week old mice when designing vaccine trials. Our data illustrated that older mice are significantly more susceptible to the ensuing infection, regardless of route of infection. While the mice used in our study were still considered relatively young, advanced age is known to result in diminished immune responses in both humans and mice \[[@B76-pathogens-09-00113],[@B77-pathogens-09-00113],[@B78-pathogens-09-00113],[@B79-pathogens-09-00113]\]. Lastly, we performed limited retrospective statistical analyses comparing current data with historical experiments performed at USAMRIID. We were encouraged and somewhat surprised by the relative lack of significant differences observed in these analyses. Perhaps the inherent heterogeneity of mouse models of melioidosis minimizes any differences associated with source vendor that would normally be significant in more acute and homogenous bacterial diseases (e.g., plague or anthrax).

Age and sex differences have been observed in murine models used for other infectious diseases and high-consequence pathogens. While these differences can vary based upon strain of mouse or isolate/strain of pathogen, the importance of these findings is undeniable. Ren et al. demonstrated that aged mice are more susceptible to *Salmonella typhimurium*, and that this susceptibility appeared to correlate with the impairment of cytokine expression (IFN-γ and TNF-α) and leukocyte response \[[@B80-pathogens-09-00113]\]. Shin et al. reported similar data using murine infection models of *Clostridum difficile*, and also hypothesized that this altered susceptibility to disease could be attributed, at least to some extent, to altered innate immunity associated with microbiota-dependent changes associated with age \[[@B81-pathogens-09-00113],[@B82-pathogens-09-00113]\]. There have been several reports indicating a sex bias associated with *Yersinia pestis* susceptibility, with female mice being more resistant to infection \[[@B83-pathogens-09-00113],[@B84-pathogens-09-00113],[@B85-pathogens-09-00113]\]. Additionally, Lambert and coworkers demonstrated via several parameters that older mice are also more susceptible to plague disease compared to younger mice \[[@B84-pathogens-09-00113]\]. Using the *Francisella* live vaccine strain as a surrogate pathogen, Mares et al. identified no significant differences associated with age and survival; they did, however, note several important differences that were impacted in aged mice, including polymorphonuclear neutrophil infiltration kinetics and cytokine expression levels \[[@B86-pathogens-09-00113]\]. Interestingly, this work suggested that in addition to the altered immune kinetics associated with aging, lungs of aged control mice were demonstrably more damaged than young control mice. This lung damage likely contributed to the more severe pathology observed when aged mice are infected. While the above examples demonstrate sex and/or age bias with bacterial diseases, other reports suggest little to no impact of these factors on disease. For example, Lyons et al. reported no differences associated with either age or sex in murine models of pulmonary anthrax \[[@B87-pathogens-09-00113]\].

Similar differences have also been observed in viral infections. Aged mice have been demonstrated to exhibit a more severe disease after exposure to respiratory syncytial virus (RSV) compared to their younger counterparts \[[@B88-pathogens-09-00113],[@B89-pathogens-09-00113]\]. The aged mice demonstrated enhanced pathology, altered antiviral gene expression, and a diminished CD8 T cell response \[[@B88-pathogens-09-00113],[@B89-pathogens-09-00113]\]. Recently, it has also been demonstrated that there are sex-associated differences in RSV infection in neonatal mice. Malinczak et al. described an altered response in male neonates which ultimately led to a more severe allergic response later in life \[[@B90-pathogens-09-00113]\]. Older mice have reduced natural killer cell population and function, which have been linked with increased susceptibility to mousepox virus \[[@B91-pathogens-09-00113]\]. However, mouse parvovirus has been shown to be readily transmitted to mice regardless of the age of the mice tested \[[@B92-pathogens-09-00113],[@B93-pathogens-09-00113]\]. Importantly, there are numerous viruses that rely on neonatal/suckling mice to model disease, as older mice exhibit less appreciable clinical signs of illness or subsequent mortality rates. This is exemplified in several alphavirus and flavivirus models \[[@B94-pathogens-09-00113],[@B95-pathogens-09-00113],[@B96-pathogens-09-00113]\].

In summary, these data underscore the complexities of designing adequate studies for testing novel medical countermeasures in mice. This is particularly the case for models of melioidosis due to significant heterogeneity of clinical signs and the varying levels of chronicity associated with different strains of mice. In addition to selecting the mouse strain and bacterial isolate to be tested, the sex, age, and source of the experimental animals must also be considered in order to generate the most robust model system possible.

4. Materials and Methods {#sec4-pathogens-09-00113}
========================

4.1. Animal Challenges {#sec4dot1-pathogens-09-00113}
----------------------

Groups of BALB/c or C57BL/6 mice (Envigo, Buckeystown, MD, USA), female or male and either 8, 18, or 28 weeks of age at time of exposure to bacteria were challenged by IP or inhalational route with a low passage and well-defined stock of *B. pseudomallei* K96243 \[[@B25-pathogens-09-00113],[@B27-pathogens-09-00113]\]. Most groups contained 10 mice, but, due to aggressive behavior, some groups of male mice contained 7--9 mice. Where indicated, historical data collected from mice obtained from other vendors were used for statistical comparisons (Charles River, Frederick, MD, USA and JAX Labs, Bar Harbor, ME, USA). The bacteria used were grown in 4% glycerol (Sigma Aldrich, St. Louis, MO, USA) 1% tryptone (Difco, Becton Dickinson, Sparks, MD, USA), and 5% NaCl (Sigma Aldrich, St. Louis, MO, USA) broth (GTB) at 37 °C with shaking at 200 rpm, and were harvested from a late log-phase culture. The bacteria were resuspended in GTB and quantified via OD~620~ estimations. The actual delivered doses of bacteria were then verified by plate counts on sheep's blood agar (SBA) plates (Remel, ThermoFisher Scientific, Waltham, MA, USA). Each IP dose was delivered in 200 μl of GTB medium. Exposure to aerosolized bacteria was accomplished as previously described \[[@B97-pathogens-09-00113]\]. Briefly, mice were transferred to wire mesh cages (up to 10 mice per cage), and up to four wire mesh cages were placed in a whole-body aerosol chamber within a class three biological safety cabinet located inside a BSL-3 laboratory. Mice were exposed to aerosolized *B. pseudomallei* strain K96243 created by a three-jet collision nebulizer. Samples were collected from the all-glass impinger (AGI) and analyzed by performing CFU calculations to determine the inhaled dose of *B. pseudomallei.*

4.2. Histological Pathology {#sec4dot2-pathogens-09-00113}
---------------------------

Post-mortem tissues were collected from representative euthanized mice and fixed in 10% neutral buffered formalin for ≥21 days \[[@B98-pathogens-09-00113]\]. Samples were embedded in paraffin and sectioned for hematoxylin and eosin (HE) staining, as previously described \[[@B25-pathogens-09-00113],[@B99-pathogens-09-00113]\].

4.3. Ethics Statement {#sec4dot3-pathogens-09-00113}
---------------------

Animal research at the United States Army Medical Research Institute of Infectious Diseases (USAMRIID) was conducted under an animal use protocol approved by the USAMRIID Institutional Animal Care and Use Committee (IACUC) in compliance with the Animal Welfare Act, PHS Policy, and other Federal statutes and regulations relating to animals and experiments involving animals. The facility where this research was conducted is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALACi) and adheres to the principles set down in the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011). Challenged mice were observed at least daily for up to 60 days for clinical signs of illness. Early intervention endpoints were used during all studies and mice were euthanized when moribund, according to an endpoint score sheet. Animals were scored on a scale of 0--11: 0--2 = no significant clinical signs (e.g., slightly ruffled fur); 3--7 = significant clinical symptoms such as subdued behavior, hunched appearance, absence of grooming, hind-limb issues of varying severity and/or pyogranulomatous swelling of varying severity (increased monitoring was warranted); 8--11 = distress. Those animals receiving a score of 8--11 were euthanized. However, even with multiple observations per day, some animals died as a direct result of the infection.

4.4. Statistical Analyses {#sec4dot4-pathogens-09-00113}
-------------------------

LD~50~s were estimated by probit regression, with confidence limits by Fieller's method \[[@B100-pathogens-09-00113]\]. LD~50~s were compared among age and sex categories by probit regression, under the assumption of a common probit slope. The effect of age was expressed as the reduction in Log~10~ LD~50~ relative to animals aged 8 weeks, and estimates of the relative potencies were averaged across sexes as described by Finney \[[@B101-pathogens-09-00113]\]. The effect of sex was similarly pooled across age strata, where appropriate. Confidence intervals on the relative potencies were obtained via the delta method. The Wald chi-square test was used to determine the statistical significance of regression parameters. The analysis was implemented in SAS PROC/PROBIT and PROC/GENMOD, SAS version 9.4 (SAS Institute, Cary, NC, USA).

Opinions, interpretations, conclusions, and recommendations are those of the authors and are not necessarily endorsed by the U. S. Army.
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![Impact of sex on susceptibility to *Burkholderia pseudomallei* 21 days (**A**) and 60 days (**B**) post challenge. Where an unbounded confidence interval was found, the confidence interval has been omitted. (Ŧ *p* \< 0.05 compared to males, pooling all age groups. \* *p* \< 0.05 compared to age-matched male mice. & No survivors remained, the least challenge dose is plotted).](pathogens-09-00113-g001){#pathogens-09-00113-f001}

![Impact of age on susceptibility to *B. pseudomallei* 21 days post infection by (**A**) aerosol and (**B**) IP routes. (\* *p* \< 0.05 compared to mice aged 8 weeks.).](pathogens-09-00113-g002){#pathogens-09-00113-f002}

![Male reproductive tract pathology associated with intraperitoneal exposure to *B. pseudomallei*. (**A**) Spermatic cord exhibiting mild pyogranulomatous inflammation with necrosis and abscesses (BALB/c mouse 18 weeks at challenge, H&E); a: seminiferous tubules, b: epididymis, c: spermatic cord, d: abscess. (**B**) Spermatic cord exhibiting moderate pyogranulomatous inflammation with necrosis and abscess. Epididymis with mild pyogranulomatous inflammation with necrosis; Testes, tunica albuginea with mild pyogranulomatous inflammation and necrosis (BALB/c mouse 28 weeks at challenge, H&E); a: seminiferous tubules, b: epididymis, c: spermatic cord, d: abscess (**C**) Testes with severe pyogranulomatous inflammation, necrosis, and abscesses (BALB/c mouse 28 weeks at challenge, H&E); a: epididymis, b: vas deferens.](pathogens-09-00113-g003){#pathogens-09-00113-f003}

![Female reproductive tract pathology associated with intraperitoneal exposure to *B. pseudomallei*. (**A**) Uterine serosa with moderate pyogranulomatous inflammation, necrosis, and abscesses (BALB/c mouse 28 weeks at challenge, H&E); a: uterine lumen, b: abscess (**B**) Ovary with locally extensive abscess (C57BL/6 18 weeks at challenge, H&E); a: abscess. (**C**) Magnification of black box identified in 5B demonstrating moderate pyogranulomatous inflammation with extensive abscess (arrow points to a single remaining primary follicle in the ovary) (C57BL/6 mouse 18 weeks at challenge, H&E).](pathogens-09-00113-g004){#pathogens-09-00113-f004}

pathogens-09-00113-t001_Table 1

###### 

The calculated median lethal dose of *B. pseudomallei* K96243 in female and male BALB/c and C57BL/6 mice in three age groups ^1^.

  A. Day 21 LD~50~                           Age at Exposure (Weeks)                                               
  ---------------------- --------- --------- ------------------------- ---------------------- -------------------- ----------------------
  Female                 Aerosol   BALB/c    −0.16 to 4.00             0.84 (0.36, 1.32)      0.18 (−0.46, 0.64)   −0.16 (−11.14, 0.19)
                                   C57BL/6   −0.19 to 4.02             2.67 (− ^2^)           2.78 (2.31, 3.40)    1.97 (1.51, 2.52)
                         IP        BALB/c    1.83 to 5.66              4.04 (3.77, 4.29)      3.74 (3.18, 4.37)    2.86 (1.04, 3.71)
                                   C57BL/6   4.11 to 8.07              5.79 (5.32, 6.24)      6.27 (5.86, 6.70)    5.19 (− ^2^)
  Male                   Aerosol   BALB/c    −0.18 to 3.26             0.48 (0.00, 0.94)      0.32 (0.04, 0.73)    −0.58 (− ^2^)
                                   C57BL/6   0.10 to 4.05              3.02 (2.51, 3.77)      2.19 (− ^2^)         2.28 (1.84, 2.80)
                         IP        BALB/c    2.16 to 6.09              4.48 (4.05, 4.95)      3.55 (2.84, 4.16)    2.26 (−38.27, 3.47)
                                   C57BL/6   3.93 to 8.00              6.37 (5.87, 6.95)      5.25 (4.42, 5.93)    4.48 (1.48, 5.38)
  **B. Day 60 LD~50~**                                                                                             
  Female                 Aerosol   BALB/c    −0.16 to 4.00             0.00 (−1.49, 0.41)     −0.22 (− ^2^)        −0.32 (− ^2^)
                                   C57BL/6   −0.19 to 4.02             2.62 (− ^2^)           2.67 (2.22, 3.26)    1.55 (1.15, 2.05)
                         IP        BALB/c    1.83 to 5.66              3.02 (2.02, 3.68)      −6.47 (− ^2^)        1.83 ^3^
                                   C57BL/6   4.11 to 8.07              5.51 (5.07, 5.92)      5.56 (5.07, 6.04)    4.07 (− ^2^)
  Male                   Aerosol   BALB/c    −0.18 to 3.26             −0.22 (−19.85, 0.14)   −0.43 (− ^2^)        −0.89 (− ^2^)
                                   C57BL/6   0.10 to 4.05              2.92 (2.42, 3.60)      1.96 (1.36, 2.63)    2.10 (1.63, 2.63)
                         IP        BALB/c    2.16 to 6.09              2.16 ^3^               1.95 (− ^2^)         2.16 ^3^
                                   C57BL/6   3.93 to 8.00              5.42 (4.63, 6.12)      3.82 (−2.89, 4.59)   3.93 ^3^

^1^ Values indicate LD~50~ in Log~10~(CFU) and 95% confidence interval. ^2^ Unbounded confidence intervals. ^3^ No survivors remained, the least challenge dose is reported.

pathogens-09-00113-t002_Table 2

###### 

Impact of source vendor on the disease outcome ^1^.

  .                                                 Age at Exposure (Weeks)                 
  -------- --------- -------------------- --------- ------------------------- ------------- -------------
  Female   Aerosol   Charles River        BALB/c    *p* \> 0.05               ND            ND
                                          C57BL/6   *p* \> 0.05               ND            ND
           IP        Charles River        BALB/c    *p* \> 0.05               ND            ND
                                          C57BL/6   *p* = 0.037               ND            ND
  Male     IP        Jackson Laboratory   C57BL/6   *p* \> 0.05               *p* \> 0.05   *p* \> 0.05

^1^*p*-value calculated comparing mice from this vendor with mice from Envigo.

[^1]: Authors contributed equally to this work.
